Functions of the orbitofrontal cortex include diverse social, cognitive and affective processes, many of which are abnormal in autism spectrum disorders (ASDs). Recently, altered orbitofrontal sulcogyral patterns have been revealed in several psychiatric conditions, such as schizophrenia, indicating a possibility that altered orbitofrontal sulcogyral morphology reflects abnormal neurodevelopment. However, the presence of sulcal alterations in ASD remains unexplored. Using structural magnetic resonance imaging, subtypes of the H-shaped sulcus (Type I, II and III, in order of frequency), posterior orbital sulcus (POS) and intermediate orbital sulcus were identified in each hemisphere of adult males with ASD (n ¼ 51) and matched normal controls (n ¼ 55) based on the study by Chiavaras and Petrides. ASD showed a significantly altered distribution of H-shaped sulcal subtypes in both hemispheres, with a significant increase of Type III. A significant alteration in the distribution of sulcal subtypes was also identified in the right hemisphere POS of ASD. Categorical regression analysis revealed that Type I and II expressions predicted a reduced total Autism-Spectrum Quotient score. Furthermore, Type I expression was associated with a reduced attention to detail subscale score. The results demonstrate that altered sulcogyral morphology can be a marker for abnormal neurodevelopment leading to the increased risk of developing autism.
INTRODUCTION
Clinical symptoms of autism spectrum disorders (ASDs) can be characterized by marked impairments in socialization and communication along with restricted and repetitive behaviors (RRBs). Recent advances in clinical neuroscience have highlighted that deficits in a set of brain regions can be responsible for the impairments in social communicative functions and inflexible cognitive styles found in ASD. Among several regions, the importance of the orbitofrontal cortex (OFC) has been widely recognized (Baron-Cohen, 2002) , particularly because of its key role in various facets of social cognition and behaviors (Schoenbaum and Roesch, 2005) as well as its dense connections to the amygdala and the anterior cingulate cortex, both of which are crucially involved in the pathophysiology of ASD (Barbas and Pandya, 1989; Ongur et al., 2003) . Despite its theoretical significance, empirical evidence for dysfunction of the OFC has not been consistently demonstrated by neuroimaging studies (Girgis et al., 2007; Jiao et al., 2010; Via et al., 2011; Philip et al., 2012) . While several reasons for this lack of evidence can be considered, it is of note that there are technical difficulties specific to the OFC and its neighboring regions that hamper conventional magnetic resonance imaging (MRI) approaches; for example, large magnetic field inhomogeneity during functional MRI (Stenger, 2006) .
For structural MRI studies, substantial interindividual variability in the sulcogyral pattern in the OFC can hamper interpretation of the volumetric measures derived by standard morphometric approaches, because definition of the region-of-interest (ROI) often relies on sulci in the manual drawing method, and variation of sulcogyral pattern could be a confounding factor at the spatial normalization step in the voxel-based morphometry (VBM). The development of the sulcogyral convolution is thought to reflect critical neurodevelopmental events, such as neuronal migration and local neuronal connection (Rakic, 1988; Armstrong et al., 1995) . Therefore, sulcogyral patterns may be significantly altered in neurodevelopmental disorders, which may further result in a systematic bias for structural measurements using VBM and manual ROI tracing methods.
Interindividual variability of the human orbitofrontal sulci has been systematically described in a seminal work using MR images of 100 hemispheres of 50 neurotypical individuals (Chiavaras and Petrides, 2000) . Apart from the olfactory sulcus in the medial OFC, which is clearly visible and easily identifiable in every subject, the morphology of the other orbitofrontal sulci is highly complex and variable, and some sulci may not be consistently present between individuals. For instance, an 'H-shaped' sulcus refers to a configuration of multiple components of the medial orbital sulcus (MOS), lateral orbital sulcus (LOS) and transverse orbital sulcus (TOS). In a previous study by Chiavaras and Petrides, the H-shaped sulcus has been classified into three major subtypes (Type I, II and III, with Type I being the most common) based on the continuity of the MOS and LOS. A subsequent study reported an additional minor subtype (Type IV) that was found in 3-6% of the neurotypical population (Chakirova et al., 2010) . Pattern variations of the other orbitofrontal sulci have also been described, including the posterior orbital sulcus (POS) and the intermediate orbital sulcus (IOS), located in the posterior and anterior orbitofrontal gyri, respectively (Chiavaras and Petrides, 2000) .
Several recent MRI studies have examined orbitofrontal sulcogyral variations in psychiatric populations. The sulcogyral formation is strongly regulated by genetic factors that mobilize sequences of early cortical folding developmental processes (Bartley et al., 1997; Lohmann et al., 1999) , and after formation, sulcogyral morphology is thought to be stable throughout life (Armstrong et al., 1995; Nakamura et al., 2007; Chakirova et al., 2010) . Although there is evidence that environmental and experiential factors later in life can modulate quantitative variables related to the sulcogyral folding, such as local gyrification index (Luders et al., 2012) , previous studies have identified series of critical events in early neural development that are thought to play central roles for determining cortical folding patterns [e.g. cortical growth (Toro and Burnod, 2005) and tensions from white matter fibers (Van Essen, 1997)], which led some researchers to propose that the sulcogyral pattern can be a morphological trait marker for psychiatric disorders with developmental origins (Nakamura et al., 2007) . Nakamura et al. (2007) were the first to report that the frequency distribution of H-shaped sulcus subtypes was significantly altered in schizophrenia, with an increased occurrence of Type III together with a reduced occurrence of Type I in the right hemisphere. This pattern of alteration was also observed in first-episode schizophrenic patients (Chakirova et al., 2010; Takayanagi et al., 2010) and individuals at high risk of developing schizophrenia (Chakirova et al., 2010) . Furthermore, Type III expression was associated with more severe psychotic symptoms and impulsivity in patients (Nakamura et al., 2007) and higher ratings for psychosis in people at risk of developing schizophrenia (Chakirova et al., 2010) . These studies illustrate the possibility that the altered orbitofrontal sulcogyral pattern can indeed be a morphological trait marker for a psychiatric condition with neurodevelopmental aberration, predicting the development of particular clinical symptoms in later life.
This study examined the orbitofrontal sulcogyral morphology in adult males with high-functioning ASD. Given that ASD is a neurodevelopmental disorder with a strong genetic involvement (Muhle et al., 2004; Sebat et al., 2007) , and that various aspects of social cognition and behavioral regulation functions of the OFC are impaired in ASD (Kringelbach and Rolls, 2004) , we hypothesized that the frequency distribution of sulcal pattern variations would be significantly altered in ASD when compared with neurotypical individuals. Prediction of the specific pattern of alteration in the H-shaped sulcus is not straightforward from the results of previous studies of schizophrenia. However, if the increased expression of Type III in schizophrenia reflects neurodevelopmental abnormalities that commonly occur in other developmental disorders, we predict that Type III expression would be elevated in the ASD as well, perhaps in a more enhanced manner than schizophrenia. Furthermore, given the ample evidence of pathophysiological amygdala abnormalities in ASD (Lauvin et al., 2012) , it is possible that the POS pattern is also altered because the posterior OFC is considered part of the paralimbic region that has heavy anatomical connectivity with the amygdala. In addition, considering the morphological alterations in several neocortical association areas for social functions in ASD (e.g. inferior frontal gyrus), one might predict alteration of the IOS in the anterior OFC, which is also a part of neocortical association areas in the social brain network (Kringelbach and Rolls, 2004) . Rather than focusing on a particular orbitofrontal sulcus, we systematically examined pattern variations in the H-shaped sulcus, POS and IOS separately, each of which has been shown to demonstrate substantial interindividual variability (Chiavaras and Petrides, 2000) . Clinical correlation analyses of the OFC sulcogyral patterns were further performed to explore any relationship between orbitofrontal morphological traits and clinical features in ASD.
MATERIALS AND METHODS Participants
Fifty-one adult males with ASD were recruited from outpatients at the Showa University Hospital. All patients were diagnosed with ASD based on the Diagnostic and Statistical Manual of Mental Disorders 4th Edition (DSM-IV) criteria and a medical chart review. A team of three experienced psychiatrists and a clinical psychologist performed the assessment. The assessment consisted of participant interviews about developmental history, present illness, life history and family history assessed independently by a psychiatrist and a clinical psychologist in the team. Participants were also asked to bring suitable informants who knew the participant in early childhood and about current mental or psychological symptoms, behavioral symptoms or motor skill deficits. At the end of the clinical interview, participants were formally diagnosed with pervasive developmental disorder by the psychiatrist if there was a consensus between the psychiatrists and the clinical psychologist. The diagnostic process required $3 h. Patients with secondary autism related to a specific etiology such as tuberous sclerosis were excluded.
A group of 55 normal male controls (NC) were recruited by advertisements and acquaintances and screened using the Japanese version of the Mini-International Neuropsychiatric Interview (MINI) (Otsubo and Kamijima, 2000) by the same trained interviewers. No control subjects had an Axis-I psychiatric disorder or a first-degree relative with an Axis-I psychiatric disorder.
The intellectual ability was assessed using the Japanese version of the National Adult Reading Test (JART) (Nelson and Willison, 1991; Matsuoka and Kim, 2006) . All subjects in both groups had an intelligent quotient (IQ) score > 80. Handedness was assessed using the Edinburgh Inventory of Handedness (Oldfield, 1971) . To assess the presence and severity of autistic traits in each participant, the Autism-Spectrum Quotient (AQ) was administered (Baron-Cohen et al., 2001) . We used the Japanese version of the AQ, which has been assessed for its internal consistency reliability, test-retest reliability and discriminant validity (Kurita et al., 2005; Wakabayashi et al., 2006) . To characterize autistic traits of each participant more specifically, we calculated the subscale scores of 'social interaction' and 'attention to detail' using the method proposed by Hoekstra et al. (2008) . Table 1 shows the demographic and clinical data of participants in the ASD and NC groups. Age, education and IQ were matched between the two groups (all P > 0.15). Handedness was significantly different (P ¼ 0.005), consistent with several studies reporting an increased prevalence of left handedness in children with autism (Gillberg, 1983; Hauck and Dewey, 2001; Dane and Balci, 2007) . At the time of the MRI scan, 11 of the 51 ASD participants were using the following medications: antidepressants (9 patients), antianxiety drugs (minor tranquilizer: 7 patients), hypnotic drugs (8 patients), antipsychotic drugs (4 patients) and antiepileptic drugs (1 patient). Most patients began taking medication only after reaching adolescence or adulthood (mean AE s.d.: 26.2 AE 9.2 years), which makes it unlikely that the medication can be a determinant factor of the sulcogyral patterns. Consistent with this view, Nakamura et al. (2007) reported that the OFC sulcogyral pattern was not associated with the antipsychotic dosage in patients with schizophrenia. All subjects participated in this study after providing written informed consent. This study was approved by the Ethics Committee of the Faculty of Medicine of Showa University.
MRI data acquisition MR images were acquired on a 1.5-T General Electric Signa System (GE Medical Systems, Milwaukee, WI, USA) at the Karasuyama Hospital in Tokyo. In total, 128 contiguous sagittal images were collected from each individual using an eight-channel phased-array whole-head coil and a spoiled gradient-echo (SPGR) sequence with the following parameters: 25 ms repetition time; 5.2 ms echo time; flip angle ¼ 208; 24Â 24 cm field of view; 256 Â 256 matrix and Altered orbitofrontal sulcogyral patterns SCAN (2014)1.4 mm slice thickness. After acquisition, each image was resampled to 0.9375 Â 0.9375 Â 0.7 mm, and then realigned along the mid-sagittal anterior-posterior commissure line to correct any head tilt for consistent assessment of sulcogyral patterns.
Sulcogyral pattern identification
We classified sulcogyral pattern variations in the H-shaped sulcus (consisting of the TOS, MOS and LOS), POS and IOS into multiple subtypes in each hemisphere based on the previous description by Chiavaras and Petrides (2000) and a refined description for the H-shaped sulcus by Chakirova et al. (2010) . In addition to the TOS, MOS, LOS, POS and IOS, we identified the neighboring olfactory sulcus and sulcus fragmentosus in each hemisphere to assist the precision and consistency of the sulcogyral classifications. We used three-dimensional slicer software (http://www.slicer.org/) to browse the SPGR images for visual identification of each orbitofrontal sulcus. Freesurfer software (http://surfer.nmr.mgh.harvard.edu/) was also used to calculate the intracranial volume (ICV) of individual brains and to generate the pial and white matter surfaces that were used to assist the classification of sulcogyral subtypes. The subtypes of the H-shaped sulci were identified on the basis of the continuity of the LOS and MOS in the rostrocaudal direction (Chiavaras and Petrides, 2000) , as demonstrated in Figure 1A . In Type I, the rostral and caudal portions of the MOS were clearly interrupted, whereas the LOS was continuous throughout the entire length. In Type II, rostral and caudal portions of the MOS and LOS were continuous without interruption and were connected by the TOS. In Type III, rostral and caudal portions of both MOS and LOS were interrupted. In Type IV, the rostral and caudal portions of the LOS were interrupted in the presence of a continuous MOS, thus representing the opposite of Type I. The original work by Chiavaras and Petrides (2000) described only the first three subtypes, but Type IV was later identified in a small population of neurotypical individuals (Chakirova et al., 2010) . We included Type IV in our classification system to exhaust all four logical possibilities derived by continuity in both the LOS and MOS.
According to the previous study by Chiavaras and Petrides (2000) , the POS can be either absent or present in the posterior orbital convexity in a hemisphere. If present, either one or two POS can be identified between the caudal MOS and LOS, which lies posterior to the TOS. In this study, we labeled these three variants as absent-POS, single-POS and double-POS subtypes ( Figure 1B) . The IOS was identified anterior to the TOS between the rostral MOS and LOS in both hemispheres in all individuals (Chiavaras and Petrides, 2000) . Here, the IOS was classified into single-IOS and double-IOS subtypes depending on the number of identified sulci ( Figure 1C ) (see Supplementary material 1 for the detail).
The sulcogyral pattern classification in each individual was done by H.W., blinded to the diagnostic status of the individual. Inter-rater reliability was assessed by two clinicians (H.W. and T.O.), blinded to the diagnosis, who evaluated the sulcogyral patterns in 25 randomly selected participants. The intraclass correlation coefficients (Cronbach's ) were 0.958, 0.897 and 0.846 for the H-shaped sulcus, POS and IOS, respectively.
Statistical analysis
We used SPSS software (version 18.0, SPSS, Chicago, IL, USA) for statistical analysis. Initially, we assessed differences between the ASD and NC groups in the distribution of the sulcogyral subtypes of the H-shaped sulcus, POS and IOS separately. For each sulcus, a separate chi-square test was applied to the frequency data in each hemisphere and to the combined data of the two hemispheres. The frequency distribution observed in the NC group was used as the expected number for each subtype. After examining group differences in the frequency distributions between the ASD and NC groups of our data, we also performed the same statistical tests using the frequency data of our NC group and that described by Chiavaras and Petrides (2000) to check the validity of our data. Only Type I, II and III data were used to analyze the H-shaped sulcus because the Type IV classification only occurred in 6 of 212 hemispheres (2.8%; Table 1 ), providing insufficient data to perform any reliable group comparison.
We then performed categorical regression analysis to determine which variations of the OFC sulci predict autistic traits. Categorical regression analysis was selected, because this model allows us to examine the effects of multiple factors (i.e. sulcogyral subtypes) in a single integrated model without using multiple independent statistical tests (Nakamura et al., 2007 (Nakamura et al., , 2008 Roppongi et al., 2010; Uehara-Aoyama et al., 2011) . Each individual participant was classified according to whether he possessed the H-shaped sulcus (Type I, II and III) or POS (absent, single and double), subtypes in either hemisphere. In this analysis, the IOS subtypes were not included because the frequency distribution was comparable between the ASD and NC groups (see 'Results' section), and were therefore unlikely to predict autistic traits. The classification resulted in six nominal variables (Type I, Type II, Type III, absent POS, single POS and double POS), each of which was entered as an independent variable in a single model of categorical analysis regression. In our categorical regression, each categorical predictor represents whether a particular participant has the sulcal subtype (represented by that predictor) in the left or right hemisphere. This means that, in the Type I predictor, for example, we put a categorical value for participants who had Type I either in the left hemisphere only, or in the right hemisphere only, or in both hemispheres. In contrast, we put another value for participants who did not have Type I in either hemisphere. The single model of categorical regression was adopted rather than multiple univariate comparisons for the six independent variables to reduce the risk of false positives (Nakamura et al., 2007) . Separate models were built to predict dependent variables of the total AQ score (Baron-Cohen et al., 2001), 'social interaction' and 'attention to detail' subscale scores individually (Hoekstra et al., 2008) . Three other models consisting of the same six nominal variables were also built for handedness, estimated IQ scores and ICVs. The odds ratio was calculated by cross-tabulation using SPSS to estimate the risk of developing ASD from expression of particular sulcogyral subtypes. The cross-tabulation consisted of three variables of the left H-shaped sulcal types, the right H-shaped sulcal types and the right POS types, all of which turned out to show significant frequency difference between NC and ASD (see 'Results' section). Table 2 shows the frequency of the H-shaped sulcus, POS and IOS subtypes in each group. One ASD patient displayed a highly unusual sulcogyral pattern in which rostral components of the H-shaped sulcus were absent or immature in both hemispheres ( Figure 1A ). In this case, the rostral side of the OFC was extremely small in both hemispheres; therefore, IOS could not be identified. Figure 2 shows the distribution of the H-shaped sulcal subtypes excluding this case and cases showing Type IV (see 'Materials and methods' section). The distributions of the POS and IOS subtypes are shown in Figures 3 and 4 , respectively. We found a significant group difference in the distribution of subtypes of the H-shaped sulcus in both hemispheres (Figure 2) . Post hoc tests revealed that occurrence of Type III was greater in both hemispheres in the ASD group compared with the NC group, whereas expression of Type I was deceased in the right hemisphere. We confirmed that the distribution of the H-shaped sulcal subtypes in the NC group was consistent with that of the previous study (Chiavaras and Petrides, 2000) .
RESULTS

Sulcogyral pattern distribution
The distribution of the POS subtypes in the ASD group was significantly different from that in the NC group in the right hemisphere and in the combined data of the two hemispheres (Figure 3) . Post hoc tests showed a significant increase in the occurrence of the absent-POS subtype and a decrease in the occurrence of the single-POS subtype in the right hemisphere in the ASD group. The distributions of the IOS subtypes were not significantly different between the two groups ( Figure 4) . The distributions of the POS and IOS subtypes in the NC group were comparable with those reported by Chiavaras (Figures 3 and 4) .
The odds ratio calculated by the cross-tabulation showed that, compared to subjects without Type III occurrence, participants with Type III expression in any hemisphere showed a 2.67-fold increase in morbid risk for ASD, and that, compared to those with either single POS or double POS in the right hemisphere, participants with the absent-POS subtype in the right hemisphere showed a 1.40-fold increase in morbid risk. Moreover, compared to participants without Type III expression in both hemispheres and absent POS in the right hemisphere, participants with Type III occurrence in any hemisphere combined with absent-POS subtype in the right hemisphere showed a 4.89-fold increase in morbid risk for ASD.
Categorical regression analysis of OFC sulcogyral patterns
Categorical regression analysis revealed that, within the ASD group, expressions of Type I and II were significantly associated Chiavaras and Petrides (2000) . According to post hoc test, Type III expression was increased in both hemispheres in the ASD group compared with the NC group (left: 2 ¼ 5.75, P ¼ 0.016, right: 2 ¼ 3.80, P ¼ 0.051, bilateral: 2 ¼ 9.45, P ¼ 0.002), whereas Type I expression was deceased in the right hemisphere (2 ¼ 5.93, P ¼ 0.015). *Significant difference thresholded at P ¼ 0.05. with reduced total AQ scores (Table 3) . Moreover, Type I expression was also associated with reduced scores on the 'attention to detail' subscale. Type III expression or any of the POS subtypes was not significantly associated with either the total AQ score or the two subscales (Table 3) .
Within the NC group, no significant association between a particular sulcal subtype and AQ score was found (Table 3) 
DISCUSSION
To our knowledge, this study is the first to reveal altered distributions of the orbitofrontal sulcogyral patterns in individuals with high-functioning ASD. Whereas previous psychiatric studies targeted only one of the three orbitofrontal sulci (Nakamura et al., 2007; Chakirova et al., 2010; Roppongi et al., 2010; Takayanagi et al., 2010; Uehara-Aoyama et al., 2011) , we performed an extended study on all three sulci that have been shown to display major interindividual variability within the OFC (Chiavaras and Petrides, 2000) . For the H-shaped sulcus, the frequency distribution of sulcal subtypes in ASD was significantly altered from that in the NC group in both hemispheres: Type III expression was increased in both hemispheres together with reduced occurrence of Type I in the right hemisphere. Furthermore, in ASD, the absent-POS subtype occurred significantly more frequently, combined with reduced frequency of the single-POS subtype in the right hemisphere. No significant group difference was found for the IOS. Subsequent categorical regression analysis for predicting autistic traits indicated that expressions of Type I and II in the H-shaped sulcus were associated with reduced total AQ score. More specifically, the occurrence of Type I was associated with a decreased subscale score for 'attention to detail'. These findings have demonstrated altered expressions of the orbitofrontal sulcogyral morphology in individuals with ASD that may predict the severity of general and specific autistic traits.
Variations of the H-shaped sulcal pattern Altered distribution of sulcal subtypes in ASD was most clearly demonstrated for the H-shaped sulcus in both hemispheres. More specifically, increased expression of Type III was observed in both hemispheres. Compared with other subtypes, the morphology of Type III may be characterized as less mature development of the sulcogyral formation. According to previous research on the development of the human infant brain (Chi and Dooling, 1976; Dubois et al., 2008; Habas et al., 2012) , the formation of the orbitofrontal sulcogyral patterns can be identified between 16 and 44 weeks of gestation, starting from the posteromedial region and then extending along the anterior and lateral directions (Kringelbach and Rolls, 2004 ). Future Chiavaras and Petrides (2000) . Post hoc tests showed significant increase of the absent POS in the right hemisphere ( 2 ¼ 7.213, P ¼ 0.007) and bilateral hemispheres ( 2 ¼ 6.078, P ¼ 0.014), and decrease of the 'single POS' in the right hemisphere ( 2 ¼ 5.297, P ¼ 0.021). *Significant difference thresholded at P ¼ 0.05. Fig. 4 Sulcal pattern distribution of the IOS in the OFC. Right column shows results from Chiavaras and Petrides (2000) . No significant distribution difference was found between groups. neurodevelopmental studies of infant brains together with our findings of altered sulcogyral morphology may provide new insight into critical gestation periods during which abnormal developmental processes lead to the altered sulcogyral formation in ASD (Bachevalier and Loveland, 2006) . We also found an interesting ASD case in which the rostral parts of the OFC were extremely small in both hemispheres and therefore could not be classified into any of the known variations of the orbitofrontal sulcogyral pattern. It is of note that this individual is highly intelligent with markedly successful academic achievements. Given the observation that expression of Type III, the least common pattern in a neurotypical population, was increased in the ASD group, this case could be interpreted as an extreme case of underdevelopment of the orbitofrontal sulcogyral formation. Therefore, this ASD case also suggests the possible link between abnormal orbitofrontal sulcogyral formation and the etiology of ASD.
Commonality and differences between ASD and schizophrenia Increased Type III and decreased Type I expressions have been previously demonstrated in the right hemisphere of schizophrenic individuals, replicated by at least three different institutes (Nakamura et al., 2007; Chakirova et al., 2010; Takayanagi et al., 2010) . Converging findings from first-episode schizophrenia and individuals with high risk of developing schizophrenia indicated that the presence of Type III in the right hemisphere may be a trait marker for developing psychotic symptoms in schizophrenia (Nakamura et al., 2007; Chakirova et al., 2010) . The same pattern of increased Type III coupled with decreased Type I in the right hemisphere was also identified in our study of ASD. Our finding of a shared morphological feature between ASD and schizophrenia is consistent with that of previous studies emphasizing overlaps between the two diseases at multiple levels, including clinical symptoms (Urfer- Parnas et al., 2010; Parnas, 2011) , social cognition (Solomon et al., 2011) , brain activity (Sugranyes et al., 2011) , brain morphology (Cheung et al., 2010) and gene mutations (Guilmatre et al., 2009; Rapoport et al., 2009) . However, an important difference exists such that a significant alteration was found in both hemispheres in ASD, whereas the sulcal pattern was only altered in the right hemisphere in schizophrenia. Previous neuropsychological studies have shown that a bilateral lesion of the OFC causes more severe deficits in social and emotional functioning than does a unilateral lesion (Bramham et al., 2009) . Therefore, the manifestation of clear social and behavioral abnormalities characteristic to ASD may become more likely when neurodevelopmental abnormalities affect the OFC in both hemispheres.
Restricted and repetitive behaviors in ASD Using categorical regression analysis for predicting specific ASD traits, we found that the presence of Type I is associated with a reduced score on the 'attention to detail' subscale. This result could be consistent with that of a previous study reporting that Type I expression was associated with milder clinical symptoms in male schizophrenia (Nakamura et al., 2007) . The factor of 'attention to detail' in the AQ test belongs to 'high-level' RRBs (Turner, 1999) characterized by an adherence to some rule or mental set leading to rigidity and inflexibility, and is also observed in individuals with obsessive-compulsive disorder (OCD) (Lewis and Kim, 2009) . While previous neuroimaging studies of OCD have accumulated evidence for structural and functional abnormalities of the OFC (see reviews by Maia et al., 2008 and Rotge et al., 2009) . Given our finding of altered distribution of orbitofrontal sulcogyral subtypes in ASD, it would be interesting in future studies to measure the gray matter volume and/or density in the OFC separately for each subtype and examine possible associations with behavioral measures as previously done for schizophrenia (Nakamura et al., 2008) .
Variations in POS and IOS patterns
We found evidence of increased cases of absent POS in the right hemisphere together with decreased cases of single POS in ASD, whereas no significant group difference was observed in the IOS pattern. The POS and IOS are located in the posterior and anterior OFC gyri, respectively. According to a model of OFC function, the posterior OFC houses multimodal representations for visual, auditory, somatosensory, gustatory and olfactory sensations that are then linked to particular reward value representations (Kringelbach and Rolls, 2004) . Recently, abnormalities in sensory processing have been demonstrated in all five classic sensory modalities in ASD (Marco et al., 2011) , and altered reactivity to sensory inputs is now included as one of the new diagnostic criteria for ASD in DSM-V (Mandy et al., 2012) . It is possible that an underdeveloped sulcogyral pattern in the posterior orbitofrontal gyrus may be related to sensory abnormalities and unusual affections associated with sensations.
Limitations
We note several limitations in this study. First, except for the association between the autistic factor of 'attention to detail' and Type III expression in the right hemisphere, this study alone does not clearly demonstrate which functions are particularly affected by altered orbitofrontal sulcogyral patterns. Because the entire OFC is engaged in diverse functions, many of which are altered in ASD, future studies may need an extended neuropsychological test battery to examine the relationship between sulcogyral variations and altered functions more thoroughly. Second, we used the AQ for assessing the severity of autistic traits. Although the AQ is a validated self-report questionnaire (Baron-Cohen et al., 2001; Wakabayashi et al., 2006) , it would be desirable to have other standard assessment procedures such as the Autism Diagnostic Interview Revised to support the evaluation of autistic traits in each individual. Third, our sample was limited to the male population. While the present approach is advantageous in terms of sample homogeneity, our analyses need to be applied to female patients as well given a recent finding of a significant dimorphic distribution of the H-shaped sulcus in schizophrenia (Uehara-Aoyama et al., 2011). Finally, it remains unclear whether and how expressions of particular sulcogyral subtypes are associated with other structural measures, such as regional tissue density or volume in the OFC. Although our preliminary VBM analysis suggested increased white matter density in the OFC among ASD individuals with the double-POS type, small number of subjects of this subtype did not allow us to draw firm conclusions (see Supplementary material 2).
In conclusion, this study examined morphological variations of the multiple orbitofrontal sulci in ASD and revealed significant alterations in distributions of sulcal subtypes in the H-shaped sulcus in both hemispheres and the right POS. Furthermore, expressions of specific subtypes of the H-shaped sulcus were associated with the degree of general and specific autistic traits. These findings indicate that the altered orbitofrontal sulcogyral pattern may be used as a morphological trait marker that reflects abnormal neurodevelopmental processes leading to an elevated risk of developing autistic symptoms.
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